ABSTRACT: The objective of this study was to determine the effects of pre-treated flax fibers on the performance of the fiber-reinforced composites. Lack of good interfacial adhesion and poor resistance to moisture absorption make the use of natural fiber-reinforced composites less attractive. In order to improve fiber/matrix interfacial properties, fibers were subjected to chemical treatments, namely, mercerization, silane treatment, benzoylation, and peroxide treatment. Selective removal of non-cellulosic compounds constitutes the main objective of the chemical treatments of flax fibers to improve the performance of fiber-reinforced composites. Flax fibers were derived from Saskatchewan-grown flax straws. Composites consisting of high-density polyethylene (HDPE) or linear low-density polyethylene (LLDPE) or HDPE/LLDPE mix, chemically treated fibers and additives were prepared by the extrusion process. The test samples were prepared by rotational molding. The fiber surface morphology and the tensile fracture surfaces of the composites were characterized by scanning electron microscopy (SEM). The effects of the different chemical treatments on the mechanical and the physical properties of natural fiber-reinforced composites were investigated. The differential scanning calorimetry (DSC) was used to measure the melting point of the fiber-reinforced composites.
INTRODUCTION
A GRICULTURE IS AN important sector in Western Canada's economy. Traditionally, agricultural materials have been shipped away for processing, or disposed of postharvest. Diversification of the industry is crucial in encouraging economic stability and growth. Value-added processing within Western Canada helps in agricultural diversification. Flax is an oilseed crop grown mostly in Saskatchewan and Manitoba. While the seed is processed for its high oil content, the biomass left behind tends to be a problem as it has strong fibers which breakdown very slowly under natural conditions. Traditionally, flax straw has been burned by farmers. Thus, the goal of this research has been to find a more environmentally responsible use for flax straw.
In recent years, thermoplastic materials are being increasingly used for various applications. Traditional plastic materials are reinforced by glass or carbon fibers, which are both expensive and harmful to the environment. Over the past decade, cellulosic fibers have been of greater interest as they give composites improved mechanical properties compared to those containing non-fibrous fillers. Flax fibers can be used as environmentally-friendly alternatives to conventional reinforcing fibers in composites. The interest in natural fiber-reinforced composites is growing rapidly due to its high performance in terms of mechanical properties, significant processing advantages, excellent chemical resistance, low cost and low density. These advantages place natural fiber composites among the high performance composites having economic and environmental advantages. In the field of technical utilization of plant fibers, flax fiberreinforced composites represent one of the most important areas. Natural fiber-reinforced composites form a new class of materials which seem to have good potential in the future as a substitute for wood flour composites in many applications.
In principle, natural fiber-reinforced composites could offer specific properties comparable to those of conventional fiber composites; however, lack of good interfacial adhesion and poor resistance to moisture absorption made the use of natural fiberreinforced composites less attractive. Swelling of fibers can lead to micro-cracking of the composite and degradation of mechanical properties. This problem can be overcome by treating these fibers with suitable chemicals. Natural fibers are amenable to modification as they bear hydroxyl groups from cellulose, hemicellulose and lignin. The hydroxyl groups may be involved in the hydrogen bonding within the cellulose molecules thereby reducing the activity towards the matrix. Chemical modifications may activate these groups or can introduce new moieties that can effectively interlock with the matrix.
Reinforcement of fibers is normally given surface treatments to improve their compatibility with the matrix. In order to improve fiber-matrix adhesion, various fiber surface treatments have been carried out which may result in changing surface tension and polarity through modification of fiber surface [1] . Several classes of compounds are known to promote adhesion, by chemically coupling the adhesive to the material. Silane coupling agents are one of many ingredients in commercial sizing that are applied to fibers. The chemical composition of coupling agents allows them to react with the fiber surface and forms a bridge of chemical bonds between the fiber and matrix to increase the fiber/matrix adhesion [2] . Generally, coupling agents are molecules possessing two functions. The first function is to react with OH groups of cellulose and the second is to react with functional groups of the matrix. The selection of a coupling agent that can combine both strength and toughness to a considerable degree is important for a composite material to facilitate the optimum stress transfer at the interface between fiber and matrix.
Several studies have shown the influence of various type of chemical modification on the performance of natural fiber and fiber-reinforced composites. The different surface chemical modifications of natural fibers such as mercerization, isocyanate treatment, acrylation, latex coating, permanganate treatment, acetylation, silane treatment and peroxide treatment with various coupling agents and others, have achieved various levels of success in improving fiber strength, fiber fitness and fiber-matrix adhesion in natural fiber composites. Alkali treatment improves the fiber-matrix adhesion due to the removal of natural and artificial impurities [3] . Alkali treatment had a lasting effect on the mechanical behavior of jute fibers, especially on fiber strength and stiffness [4] . Silane coupling agents were found to be effective in modifying the natural fiber-matrix interface. Various silanes were effective in improving the interface properties of polypropylene/wood fiber composites [5] , mineral-filled elastomers [6] , fiber-reinforced epoxy composites [7] and phenolics composites [8] . Silanes undergo hydrolysis, condensation and bond formation stage. Silanols can form polysiloxane structures by reaction with hydroxyl group of the fibers [9] . Gonza´lez et al. [10] investigated the effect of silane coupling agent on the interface performance of heneque´n fiber-reinforced high-density polyethylene composites. The fiber-surface silanization resulted in better interfacial load transfer efficiency but did not improve the wetting of the fiber. Manikandan Nair et al. [11] reported that benzoylation of the fiber improved fiber-matrix adhesion, thereby, considerably increasing the strength of composite. Peroxide-induced adhesion in cellulose fiber-reinforced composites has attracted the attention of various researchers due to easy processability and improvement in mechanical properties. Sapieha et al. [12] indicated that the addition of a small amount of benzoyl peroxide or dicumyl peroxide to cellulosepolymer (LLDPE) systems during processing improved the composite mechanical properties. The improvement of mechanical properties is attributed to the peroxideinduced grafting of polyethylene onto cellulose surfaces. Research on a cost effective modification of natural fibers is necessary since the main attraction for today's market of biocomposites is the competitive cost of natural fiber. The treatment also affects the moisture uptake capacity of the fiber and therefore modifies the electrical, mechanical, thermal and tensile properties of fiber.
The creation of fiber-reinforced composites is a multi-step process. The flax fiber is collected as straw, and chemical treatments are used to reduce it to its fibrous form. The fibers are chopped to adequate size, and combined with synthetic polymer materials. A series of techniques including extrusion and rotational molding are used to develop the final product. Extrusion is expected to improve the interfacial adhesion significantly as opposed to simple mixing of the two components. The fiber surface and the tensile fracture surfaces of the composites were characterized by scanning electron microscopy (SEM) to determine whether the modified fiber-matrix interface had improved interfacial bonding. Mechanical and physical properties of the composites were evaluated. The differential scanning calorimetry (DSC) technique was also used to measure the melting point of the composites.
Flax fiber-reinforced composite has material properties similar to that of conventional plastic products. The environmental benefits of the fiber-reinforced composite are appealing to producers, consumers, and industry alike. Most of the research reviewed indicated that only a limited work had been done on silane, benzoylation and peroxidetreatment of natural fibers for use in composites. This project attempts to address the following question: do chemical treatments of flax fibers have any influence on the composite properties? The overall goal of the project was to focus on these three chemical treatments of flax fibers for use in fiber-reinforced LLDPE, HDPE and HDPE/LLDPE composites to achieve improved properties of composites. In time, our vision is that an industry centered on the processing of flax fiber will develop. Work in this area has begun, and the research within our department continues. Further investigation is required to address the effect of increase in fiber content on the performance of composites.
EXPERIMENTAL DETAILS Materials
Flax fibers were derived from linseed flax grown in Saskatchewan and decorticated on a standard scutching mill at Durafiber in Canora, SK. The fibers were first washed Flax Fibers in Rotationally Molded Biocomposites thoroughly with 2% detergent water and dried in an air oven at 70 C for 24 h. The dried fibers were designated as untreated fibers. Flax fibers were then subjected to sequential extraction with 1 : 2 mixture of ethanol and benzene for 72 h at 50 C, followed by washing with double distilled water and air drying to remove waxes and water soluble ingredients prior to chemical treatments. Reagent grade chemicals were used for fiber surface modifications, namely, sodium hydroxide (NaOH), benzoyl chloride, ethanol, dicumyl peroxide, acetone and alcohol. The structure of coupling agent, triethoxyvinylsilane (Aldrich Chemical Co. Ltd.) is shown in Figure 1 .
In this series of experiments, high-density polyethylene, linear low-density polyethylene (HDPE 8761.27 and LLDPE 8460.29, Exxon Mobil, Toronto, ON) and LLDPE/HDPE 25087 (NOVA Chemicals Ltd., Calgary, AB) were used as polymer matrix materials.
Fiber Surface Treatment
Generally, the first step in chemical treatment is the mercerization process (pretreatment process) of all the fiber samples which cause changes in the crystal structure of cellulose. Fibers were soaked in 5-18% NaOH (silane treatment: 5%, benzoylation: 18%, peroxide treatment: 10%) for about half an hour in order to activate the OH groups of the cellulose and lignin in the fiber. The appropriate concentration of NaOH solution used in mercerization before each type of chemical treatment was completed in the initial work. Sreekala et al. [9] indicated that a 10-30% sodium hydroxide solution produced the best effects on natural fiber properties. Flax fibers were soaked into 2.5, 5, 10, 13, 15, 18, 20, 25, or 30% NaOH solutions before the chemical treatment. It was found that 5%, 18% or 10% of sodium hydroxide solution were the appropriate concentrations for mercerization before silane, benzoylation or peroxide treatment, respectively. The fibers were then washed many times in distilled water and finally dried. The different chemicals can then be used on the surface in order to improve their interfacial properties.
. Silane treatment. The pre-treated fibers were dipped in an alcohol water mixture (60:40) containing triethoxyvinylsilane coupling agent. The pH of the solution was maintained between 3.5 and 4, using the METREPAK Phydrion buffers and pH indicator strips. Fibers were washed in double distilled water and dried in the oven at 80 C for 24 h. . Benzoylation. The pre-treated fibers were suspended in 10% NaOH solution and agitated with benzoyl chloride. The mixture was kept for 15 min, filtered, washed thoroughly with water and dried between filter papers. The isolated fibers were then soaked in ethanol for 1 h to remove the benzoyl chloride and finally was washed with water and dried in the oven at 80 C for 24 h. . Peroxide treatment. Fibers were coated with dicumyl peroxide from acetone solution after alkali pre-treatments. Saturated solution of the peroxide in acetone was used. Soaking of the fibers in the solution was conducted at a temperature of 70 C for 30 min. High temperatures were favored for decomposition with the peroxide. The chemically treated fibers were washed with distilled water and placed in an oven at 80 C for 24 h.
Composite Preparation
The silane coupling agent was processed in the laboratory. The liquid form of triethoxyvinylsilane was blended with the thermoplastic powder and fed to the laboratory mixing extruder (LME) (Dynisco, Franklin, MA). The extruded strands were pelletized and ground into powder form. Then the silane coupling agent was added during the dry compounding of fiber/matrix at a rate of 5% by mass as 'resin additive'.
Pre-treated and untreated fibers were ground by the grinding mill (Falling Number, Huddinge, Sweden) and oven dried at 80
C for 24 h to reduce the moisture content to less than 2%. Mixtures of thermoplastic powder and 10% by weight of flax fibers were prepared by using a food blender (Waring Products Corporation, New York, NY). This was done to aid in the homogeneous mixing of fibers and polymer matrix during the extrusion process. The blend was fed into the twin-screw extruder (Werner & Pfleiderer Engineers, Ramsey, NJ) located at the Centre for Agri-Industrial Technology (CAIT) in Edmonton, AB using a barrel to die temperature profile of 175 C, a screw speed of 125 rpm and feed rate to the extruder of 20 kg/h. Blends prepared in this manner were extruded using a six-hole strand die. Extruded strands were then pelletized. The pellets were ground using a grinding mill (Retsch GmbH 5657 HAAN, West Germany) and the ground product was used in rotational molding.
In the initial stage of this research, two types of extruders were compared. The singlescrew extruder (CW Brabender Instruments Inc., South Hackensack, NJ) at the Northern Alberta Institute of Technology (NAIT) in Edmonton, AB was used in the extrusion process to compare with the output from a twin-strew extruder, as previously detailed. Swelling of extruded strands was observed when the single-strew extruder was used. Therefore, the twin-screw extruder offers a superior mixing and compounding compared to the single-screw extruder.
Biocomposites Manufacturing by Rotational Molding
The powder of fiber/matrix was dried in an air-circulating oven for 24 h at 70 C before rotational molding. Test samples were prepared from ground extruded strands using a rotational molding machine located at Norwesco Canada Ltd. in Saskatoon, SK. It is a carousel-type molding machine with four separate arms that can each rotate at two separate axes, while completely enclosed in an oven at 250 C for 30 min. Single large mold cavities can be placed on each arm or many smaller shapes. Rotational molding manufacturing process includes charging, heating, cooling and demolding.
Morphological Characterization
The treated fiber surface and the tensile fracture surfaces of the composites were examined by scanning electron microscopy (SEM505 Philips Electron Optics, Eindhoven, the Netherlands). The sample surfaces were vacuum coated with a thin layer of gold on the surface using an Edwards S150B sputter coater (BOC Edwards, Wilmington, MA) to provide electrical conductivity and did not significantly affect the resolution. As a supplementary tool, the microscopic examination of treated and untreated fiber surface was carried out with a SEM at the accelerating voltage of 10 KV. The microstructure of the fiber-matrix interface of composites was examined at the accelerating voltage of 30 KV.
Mechanical Properties
Specimens were conditioned for 7 days at standard laboratory atmosphere prior to performing mechanical tests. The appropriate ASTM methods were followed. At least five replicate specimens were tested and the results were presented as an average of tested specimens. The tests were conducted at a standard laboratory atmosphere of 23 C and 50% relative humidity.
TENSILE STRENGTH OF FIBER BUNDLE
Flax fiber bundle tensile strength tests were preformed by a computer-controlled Instron Model 1011 (Instron Corporation, Canton, MA) with a gauge length of 40 mm and at a crosshead speed of 5 mm/min. Figure 2 shows how the apparatus appeared once it has been clamped and ready for testing. The round bars were covered with surgical glove fingers, and the flax was clamped at the top and bottom. The fiber bundle was wrapped one revolution around each of the two bars and was spread out over the entire gauge length in a parallel. For each set of chemical treatment, a minimum of fifty specimens were tested for determining the fiber tensile strength. According to ASTM standard D1294 and D1445 (1995), linear density or more commonly tex is calculated by:
where D is the linear density or tex (mg/m), W is the mass of fibers (mg) and L is the length of fiber (m). Also the unit break was calculated by:
where F is the maximum breaking load (mN), D is the linear density or tex (mg/m) and UB is the unit break (mN/tex). The Instron was set up to display a force-deformation curve at loading and to read the load at maximum or the break point. By inspecting the shape of this curve, one could check the accuracy of each individual test. If the sample was tensioned unevenly, more than one peak will appear on the graph. This is caused when some fibers are initially tensioned more than others. These fibers will break first, then the remaining fibers will break, causing an invalid test with two or more break points or graph peaks. Figure 3 shows how the graph can distinguish the valid results. With a valid test, there is one distinct peak that shows the true break force.
TENSILE STRENGTH OF COMPOSITES
The familiar dog-bone shape of the rotationally molded sample was utilized in the testing procedure. This type I specimen is the preferred specimen and should be used where Flax Fibers in Rotationally Molded Biocomposites sufficient material having a thickness of 7 mm or less is available. An Instron Universal testing machine (SATEC Systems, Inc., Grove City, PA) was used to perform the tensile strength test at a crosshead speed of 5 mm/min as described in ASTM procedure D638-99 (ASTM 1999), and each test was performed until tensile failure occurred.
TENSILE-IMPACT STRENGTH OF COMPOSITES
Tensile-impact strength test was conducted according to ASTM D1822-93 (ASTM 1993). The tensile impact tester (Tinius Olsen Testing Machines Co., Willow Grove, PA) used in this test. The specimens were prepared by rotational molding to the desired shape from a sheet. The type L (long) specimen extension is comparatively high. Type L specimens provide a greater differentiation between materials.
DUROMETER HARDNESS OF COMPOSITES
Durometer readings were performed according to ASTM D2240-97 (ASTM 1998). The Durometer hardness tester (Shore Instrument and MFG Co., Freeport, NY) consists of a pressure foot, an indenter, and an indicating device. Due to the slightly harder sample being examined; the Type D gauge was used. The test was carried out by first placing a specimen on a hard, flat surface. The pressure foot of the instrument was pressed on to the specimen, making sure that it was parallel to the surface of the specimen. The Durometer hardness was read within 1 s after the pressure foot was in firm contact with the specimen. Each specimen was subjected to ten Durometer hardness readings, at designated positions on the sample bases. Values for these readings were then averaged.
Physical Properties

MOISTURE ABSORPTION OF FIBERS
Prior to testing, the fibers were dried in an oven at 70 C for 24 h. Each sample was placed in the conditioning chamber for 72 h. Conditioning was conducted in the environmental test chamber (Angelantoni, ACS, Massa Martana, Italy) at 23 C and relative humidity values of 33, 66 and 100%, respectively.
WATER ABSORPTION OF COMPOSITES
Rectangular specimens were cut from each sample with dimensions of 25.4 mm Â 76.2 mm. The samples were dried in an oven at 50 C for 24 h, cooled in a desiccator, and immediately weighed to the nearest 0.001 g. In order to measure the water absorption of composites, all samples were immersed in water for about 24 h at room temperature as described in ASTM procedure D570-99 (ASTM 1999). Excess water on the surface of the samples was removed before weighing. Three replicate specimens were tested and the results were presented as average of the tested specimens.
Melting Point of Composites
Differential scanning calorimetry is a thermoanalytical technique in which heat flow is measured as a function of temperature or time. Thermal analysis on composites was performed using a Perkin-Elmer DSC system (TA instruments, New Castle, DE). The thermograms were then analyzed for any changes in the thermal behavior of the fibers.
Untreated and treated fiber reinforced composite sample weighing between 6 and 10 mg were placed in an aluminum pan and sealed with the crucible sealing press. The DSC system was operated in a dynamic mode with a heating scheme of À50 to 400 C, heating rate of 10 C/min and a chart of heat flow versus temperature was produced.
RESULTS AND DISCUSSION
Morphological Characterization
The possibility of forming mechanical bonding at the surface is mainly dependent on the surface morphology of the fibers. It is important to mention that the changes of surface topography affect the interfacial adhesion. Fiber-matrix interface plays an important role in composite properties.
FIBER SURFACE MORPHOLOGY
Scanning electron microscopic analysis examined the surface morphology of untreated and treated fibers. The removal of surface impurities on natural fibers is advantageous for fiber-matrix adhesion as it facilitates both mechanical interlocking and the bonding reaction due to the exposure of the hydroxyl groups to the chemicals used in treatment. Figure 4 shows the SEM photographs of fiber surfaces after chemical treatment. A porous structure is observed for untreated fibers. Figure 4(b-d) shows the SEM photographs of fiber surfaces after silane treatment, benzoylation and dicumyl peroxide treatment. 
Flax Fibers in Rotationally Molded Biocomposites
These images indicate that after chemical treatment, the surfaces of the fibers became rougher enhancing the mechanical interlocking with resins. There is strong evidence that physical microstructure changes occurred at the fiber surface. The untreated flax fibers are in separated bundles with a smooth surface (Figure 4(a) ). It is observed that silane treatment gave surface coating to the fibers, and surface features of fibers were not clearly visible. Since flax fibers exhibited micropores on their surface, the coupling agent penetrated into the pores and formed mechanically interlocked coating on their surface. Benzoylation treatment led to major changes on the fiber surface. Smooth fiber surface is observed due to the substances deposited on the surface of the fiber. The surface topography is entirely modified after dicumyl peroxide treatment. The fibrillar structure of the individual ultimate fibers is revealed from the photograph and may be due to the leaching out of waxes and pectic substances. Micropores, particles adhering to the surface, groove like portions and protruding structures made the fiber surface very rough. These effects on natural fibers are of particular importance for fiber-matrix adhesion and the creation of high fiber surface area required for the optimization of fiber-resin reinforcement. Therefore, the modification of cellulose fibers develops into changes in morphology and replaces some of the hydroxyl groups. These changes will effectively result in improved surface tension, wetting ability, swelling, adhesion and compatibility with polymeric materials [13] .
COMPOSITE MICROSTRUCTURE
Interfaces play an important role in the physical and mechanical properties of composites [14] . When it comes to using natural fibers as reinforcement in composite materials, many problems occur at the interface due to imperfect bonding. Interfacial properties of fiber/matrix are largely determined by the strength and nature of secondary interactions that are established across the phase boundary. Interfacial stress transfer is therefore limited to relatively weak dispersion forces [14] . A strong fiber-matrix interface bond is critical for high mechanical properties of composites. When manufacturing composite materials, compatibility of the matrix and the fibers is also a problem. Therefore, modification of the fibers by chemical treatments is conducted to improve compatibility. These chemical reactions modify the properties of the fiber, and one of the roles of the cellulose fibers in composites is to give stiffness and strength to the polymeric matrix. Figure 5 shows the SEM photographs of the fiber-matrix interaction of untreated and surface treated flax/LLDPE composites. Scanning electron micrographs of the crosssession of the fractured tensile specimen for selected composites were carried out as an attempt to evaluate the fiber distribution within the composite which examined the failure mechanisms. Fiber breakage was the main failure criteria observed. Indeed, the untreated flax composite presented a very poor dispersion of the fiber which also exhibited some fiber agglomerations, small fiber breakage and very poor adhesion between fiber and matrix. On the other hand, chemically treated flax fiber reinforced composites showed better fiber-matrix interaction. This is a result of a more uniform dispersion of fibers within the polymer matrix, thereby predicting micropores at the interface. The fibers were less agglomerated, showing the presence of some fibers dissociated into a matrix. It is important to mention that dissociation of the fiber into a matrix may increase the surface area of the fibers, which contributes to a greater stress transfer area from the matrix to the fiber upon stress solicitation. The compatibility can be improved by grafting a matrix compatible polymer onto the fiber surface.
Mechanical Properties
Lignocellulosic fillers offer attractive properties, but are used only to a limited extent in industrial practice [15] . Natural fibers are strongly hydrophilic materials and moisture absorption leads to a significant deterioration of their mechanical properties. Furthermore, most polymers are hydrophobic and due to this divergent behavior, the interface in natural fiber composites is rather poor. Any alteration of the characteristics of the cell wall, either chemical or morphological, has an effect on the mechanical properties of the fibers. By limiting the substitution reaction to the fiber surface, the good mechanical properties are reserved and a degree of biodegradability is maintained.
TENSILE STRENGTH OF FIBER BUNDLE
Tensile test is a measurement of the ability of material to withstand forces that tend to pull it apart. It determines to what extent the material stretches before breaking. Flax fiber properties are controlled by the molecular fine structure of fibers. The chemical processing directly influences the cellulosic fine structure of plant fiber. Consequently, the chemical treatments have a lasting effect on the mechanical behavior of flax fibers, especially on fiber strength and stiffness. It is very important to know the strength of the fibers before being combined into the thermoplastic matrix to understand better how the final composite behaves. Flax fiber tensile properties can be obtained by testing either single fibers or fiber bundles. Test results from the two methods are substantially different. Depending on the mechanism of the bundle breakage, this difference may be caused by the variations in fiber breaking elongations, breaking strengths and fiber crimps. From a fundamental point of view, the single or bundle fiber strength testing is not well understood. This is due, in part, to inadequate testing regimes, and because problems exist with the variability of mechanical properties of natural cellulosic fibers such as flax and hemp and are particularly, because it is difficult to measure. The fiber bundle fails within the hemicellulose and pectin layers that connect the single fibers together. 
Flax Fibers in Rotationally Molded Biocomposites
The single fiber testing method is too time-consuming and expensive compared to the bundle test method. A method was developed in this paper to test the tensile strength properties of flax fiber bundle. The average unit break of fiber bundle was tested based on fifty tests and the results are shown in Figure 6 . The data show that the higher strength of silane-and peroxide-treated fibers compared to untreated fibers may be a result of the removal of surface imperfections after the treatment. The increased uniformity of the fibers would give an increase to strength, as points of unconformity are removed during the treatment and this changes the deformation behavior of the fibers [13] . On the other hand, the average unit break reached as low as 107.33 mN/tex when using benzoylated fibers, due to breakage of the bond structure. The testing procedure used linear density instead of the area to evaluate the unit break of fiber bundle. Thus, the results cannot be reverse engineered to a MPa reading without making assumptions about the fiber bundle, or drastically increasing the testing time. Unfortunately, the results of this test do not lend themselves to comparison with other research results where the tensile strength of flax was 345-1100 MPa [16] . This test also used numerous fibers and not individual fibers. This enables some of the errors associated with individual fiber testing to be eliminated, such as assuming the fibers are perfectly round and the breaking point is located at the same spot where the area was measured.
TENSILE STRENGTH OF COMPOSITES
Certain plant fibers, notably flax and hemp possess tensile properties which make them potentially attractive for use as reinforcement in polymer matrix. The effect of chemical treatment on the tensile properties of flax fiber-reinforced composites was investigated. Treatments using chemicals such as triethoxyvinylsilane coupling agent, benzoyl chloride and dicumyl peroxide were carried out to improve the bonding at the fiber-matrix interface. Table 1 shows the tensile strength at yield of fiber-reinforced LLDPE, HDPE and LLDPE/ HDPE composites. Compared to the untreated fiber composite having 10% by weight fiber loading, a slight increase in strength was observed in chemically treated fiber composites. the same manner. This was mainly due to good adhesion at the interface between the matrix and fibers, their rough surface topography and the peroxide-induced grafting. The tensile strength of flax fiber-reinforced composites is determined both by the tensile strength of the fiber and by the presence of weak lateral fiber bonds [13] . The variations in the tensile strength at yield of the composites using different fiber treatments were attributed to the changes in the chemical structure and bondability of the fiber. Tests with different flax fiberreinforced matrix showed that the tensile strength of these biocomposites was clearly influenced by the particular matrix and the adhesion between fiber and matrix. In comparison with the virgin polymer, all the treatments showed the same tendency to slightly increase the tensile strengths of modified composites. The processing employed also played an important role on the tensile properties of the composites.
TENSILE-IMPACT STRENGTH OF COMPOSITES
The impact properties of the polymeric materials are directly related to the overall toughness of the material. The tensile-impact strength test was developed to overcome the deficiencies of flexural impact tests. Tensile-impact energy is the energy required to break a standard tension-impact specimen in tension by a single swing of a standard calibrated pendulum under a set of standard conditions. The tensile-impact strength of composites with 10% pre-treated flax fibers compared to composites with 10% untreated flax fibers composites with different types of thermoplastic matrix is shown in Table 1 . The influence of chemical modification on the tensile-impact strength of composites is also represented in Table 1 . It is observed that reinforcement of composites with treated flax fiber slightly enhanced the tensile-impact strength of the resulting composite.
DUROMETER HARDNESS OF COMPOSITES
Hardness is defined as the resistance of a material to deformation, particularly permanent deformation, indentation, or scratching. The hardness of plastics is measured Table 1 shows the hardness of 10% flax fiber composites with different types of thermoplastic matrix. Ten readings were taken for each specimen, as material properties were expected to vary with location on the sample. For the 10% fiber reinforced composites, chemically treated flax fibers did not increase the hardness of specimens. When compared across fiber pre-treatment types, composites containing chemically treated fibers with LLDPE had higher hardness than composites containing untreated fibers.
Physical Properties
Water absorption characteristics of composites are altered by the addition of additives such as flax fibers because these additives showing a greater affinity to water. Before making the composite, the moisture absorption of flax fibers should be reduced. During chemical treatment of the flax fiber, the hemicellulose and lignin were separated and cellulose was used for the biocomposite. Pre-treatment of the flax fiber replaced some of the hydroxyl groups in the cell wall of the flax molecule, which reduced the hygroscopic nature of the flax fiber-reinforced composites [9] .
Natural fibers are hygroscopic in nature and they absorb or release moisture depending on environmental conditions. Figure 7 shows the moisture absorption of untreated and treated flax fibers at different relative humidities. The moisture absorption of the chemically treated flax fiber was lower than that of untreated flax fibers. This result shows that chemical treatments can decrease the moisture absorption of the fibers and, hopefully it may also lead to the biocomposites having low moisture absorption characteristics.
The water absorption of untreated and chemically modified flax fiber-based composites is presented in Figure 8 as a percentage of dry weight after 24 h immersion in water. The results show that the water absorption of the treated flax fiber composites was lower than that of composites based on untreated flax fibers. The untreated composites absorbed the most water and the peroxide-treated composites absorbed the least, suggesting that changes of surface chemistry have reduced the affinity of fibers to moisture. Strong intermolecular fiber-matrix bonding decreased the rate of water absorption in biocomposites. It shows that chemical treatments of flax fiber can decrease the water absorption of biocomposites.
Melting Point of Composites
Analyzing the DSC thermograms showed that the melting range of flax fiber-reinforced composites is displayed as an endothermic peak. Differential scanning calorimetry analysis enables the identification of chemical activity occurring in the fiber as heat is applied. Differential scanning calorimetry was used to determine not only the melting point (T m ) but also the melting range of the polymer. The glass transition temperature (T g ) could not be observed. The T g of pure polyethylene is usually below À100 C. Composites containing untreated fiber and silane-, benzoyl-and peroxide-treated fiber also did not display T g . treated fiber-reinforced composites. The melting point of pure LLDPE and HDPE was found to be 129.9 C and 130.7 C respectively. Changing in the melting point temperature of the polymers due to the fiber incorporation was observed. The addition of untreated/ treated fiber in LLDPE increased the T m of LLDPE compared to that of pure LLDPE. The increase of T m may be attributed to the plasticization effect of the fiber that diffuses or dissolves into the polymer. The incorporation of 10% chemically treated flax fiber in LLDPE/HDPE composites increased the T m of untreated fiber composites. The extent of increase in T m is more pronounced in the case of silane-treated fiber composites, and this may be attributed to the improved plasticization of silane-treated fiber. The increased melting point of composites meant that thermal resistance increased as elucidated with the DSC method.
CONCLUSIONS
Morphological studies showed that the pre-treatments improved the surface properties of flax fiber, the fiber-matrix adhesion and the dispersion of the fiber in the matrix. A method was developed to test quickly and accurately the tensile strength properties of flax fiber. Silane and peroxide treatment on flax fiber bundle led to a higher tensile strength than that of the untreated fiber bundle. Compared to the untreated fiber composite, tensile properties were improved with a suitable fiber surface treatment. Silane-, benzoyl-, and peroxide-treated fiber composites offered superior physical and mechanical properties. The reason for this improvement was due to a better adhesion between the matrix and fibers. Mechanical properties of natural fiber-reinforced composites could be improved by the use of silane-coupling agent as well. In terms of moisture absorption of fibers, all three pre-treatments were effective in reducing the hydrophilic nature of fibers. The water absorption of the treated flax fiber composites was lower than those of untreated flax fiber composites. The incorporation of 10% chemically treated flax fiber into LLDPE, HDPE or LLDPE/HDPE considerably increased the melting point (T m ) compared with untreated fiber composites. The T m increase was more pronounced in the case of silane treated fiber composites.
Processing conditions and surface treatments need to be further optimized to achieve improved properties of fiber-reinforced composites. Processing produces a great variation on the dimension and dispersion of the fiber within the composite. Thus, it can be concluded that compounding fiber and matrix by using a twin-screw extruder could be an effective processing method prior to rotational molding. The addition of fibers can result in significant material cost savings, as the fibers are available at a relatively low cost compared to glass fiber reinforcements or other inorganic additives. Surface modifications of hydrophilic natural fibers have achieved some degree of success in improving the interface adhesion, mechanical properties and thermal properties, but lower cost surface modification needs to be emphasized for biocomposites to replace glass fiber reinforced composites in many applications in the future.
Flax fiber is already being produced and has a very promising future in the rotational molding industry. This research presently being conducted at the University of Saskatchewan will hopefully benefit flax growers.
